Effective work function ͑EWF͒ changes of TiN/ HfO 2 annealed at low temperatures in different ambient environments are correlated with the atomic concentration of oxygen in the TiN near the metal/dielectric interface. EWF increases of 550 meV are achieved with anneals that incorporate oxygen throughout the TiN with ͓O͔ = 2.8ϫ 10 21 cm −3 near the TiN/ HfO 2 interface. However, further increasing the oxygen concentration via more aggressive anneals results in a relative decrease of the EWF and increase in electrical thickness. First-principles calculations indicate the exchange of O and N atoms near the TiN/ HfO 2 interface cause the formation of dipoles that increase the EWF.
Understanding all the variables that control the effective work function ͑EWF͒ of metal gates on Hf-based gate dielectrics has proven to be a challenging task. 1, 2 Doping, capping layers, and anneals have been used to manipulate the metal/ dielectric interface and modify the work function. [3] [4] [5] [6] [7] [8] [9] [10] [11] Creating significant local dipoles via these techniques can manipulate the electrostatic potentials resulting in near band edge effective work functions. In this letter, rapid thermal anneals are employed to incorporate oxygen throughout TiN/ HfO 2 gate stacks. EWF shifts are correlated with the oxygen concentration at the metal/dielectric interface resulting from these anneals and atomistic modeling is applied to elucidate how the distribution of oxygen and nitrogen atoms at the interface affects the electrostatic potential.
Metal oxide semiconductor capacitors were built on p-type silicon with a dopant concentration of 1 ϫ 10 17 cm −3 . Isolation oxide was grown in a conventional furnace and patterned to define the device active areas. SiO 2 interlayers were thermally grown and etched to varying thicknesses before HfO 2 films were formed by atomic layer deposition followed by a 60 s, 700°C post-deposition anneal in N 2 . To enable a series of oxide thicknesses and to decouple reactions at the top metal/dielectric interface from any changes taking place at the dielectric/substrate interface, the high-k film thickness was kept constant at 2.0 nm, while the interfacial SiO 2 film thickness was varied from 1.0-3.0 nm. TiN metal gates of 10 nm thickness were deposited using radio frequency sputtering. Rapid thermal anneals ͑RTA͒ were performed in N 2 or 10% O 2 in a balance of N 2 ͑10% O 2 / N 2 ͒ at atmospheric pressure for 30 s. Al was deposited as a cladding layer and metal contact prior to gate metal patterning. Sputtered Al was used to improve the back side electrical contact. All devices underwent a 400°C forming gas anneal ͑FGA͒ in 10% H 2 in a balance of N 2 to complete processing. Cation secondary ion mass spectroscopy ͑C-SIMS͒ analysis was performed on 10 nm TiN films sputtered in situ following a thick amorphous-Si sputter deposition on test wafers. The a-Si film is used to create a starting bottom TiN/Si interface with the lowest possible oxygen contamination. Therefore, the oxygen in these samples is predominately due to the incorporation of oxygen via the anneals. These blanket TiN samples were also capped with Al post-anneal for consistency and direct comparison with the electrical test device samples. Figures 1͑a͒ and 1͑b͒ show the O concentration in the TiN films as a function of sample depth for each annealing condition. C-SIMS is a SIMS-based, proprietary depth profiling technique that monitors molecular ͑as opposed to atomic͒ secondary ions emitted under Cs ion bombardment. The major advantage afforded by C-SIMS is the relative independence of ion yields on matrix composition ͑matrix ef-fect͒ that allows for accurate quantification in various films and at interfaces. It is readily apparent that oxygen is incor-a͒ Electronic mail: chris.hinkle@utdallas.edu. Figure 2 shows x-ray diffraction ͑XRD͒ data from TiN films exposed to the various anneals. There is no detectable phase change in the TiN between the as-deposited film, the films annealed at 450°C in either ambient and the TiN annealed at 500°C in the N 2 ambient. However, the 500°C anneal in 10% O 2 / N 2 ambient shows that the TiN ͑111͒ and ͑200͒ ͑Ref. 12͒ texturing is greatly reduced and that the film now contains TiO 2 .
The EWF of each electrode was extracted from plots of flatband voltage ͑V fb ͒ versus equivalent oxide thickness ͑EOT͒ using a series of oxide thicknesses 13 ͓Figs. 3͑a͒ and 3͑b͔͒. Figures 3͑c͒ and 3͑d͒ combine the extracted EWF from these devices with the interfacial O concentration as determined from the C-SIMS on the samples where the bottom TiN interface was defined at the depth value corresponding to 50% of the rise in Si concentration signal ͑not shown͒. The baseline process flow ͑no RTA after TiN deposition, 400°C FGA as the final processing step͒ yields a TiN metal gate with an EWF of 4.1 eV. The oxygen concentration for this baseline process shows an intrinsic level of 3.1 ϫ 10 20 cm −3 . As the interfacial oxygen concentration increases, the EWF of the TiN also increases. Annealing the gate stacks at 450°C in the N 2 ambient background in-creases the interfacial oxygen to ϳ8.1ϫ 10 20 cm −3 while the 450°C anneal in an ambient composed of 10% O 2 / N 2 increased the interfacial oxygen concentration to ϳ2.8 ϫ 10 21 cm −3 . The corresponding EWF values increase by 400 and 550 meV, respectively. The 500°C N 2 anneal yields an oxygen concentration of ϳ1.5ϫ 10 21 cm −3 with a corresponding work function increase in the 400-450 meV range.
Further increasing the oxygen concentration degrades the electrode and the gate stack as a whole. Anneals conducted at 500°C in an ambient composed of 10% O 2 / N 2 increased the interfacial oxygen concentration to ϳ5.0 ϫ 10 21 cm −3 . This high level of oxygen near the TiN/ dielectric interface results in a flattening or even lowering of the EWF as compared to oxygen levels of ϳ1-3 ϫ 10 21 cm −3 . A concomitant increase in the EOT for these devices and a change in the levels of fixed charge are observed which, when taken in conjunction with the TEM and XRD data, demonstrate that the 500°C 10% O 2 / N 2 anneal is too aggressive. The relative EWF shifts for all conditions were consistent through multiple device runs.
Several interpretations of the associated variation of the EWF and oxygen concentration are possible. For example, oxygen incorporation in TiN may directly change its electronic properties or the substitution of N by O combined with the annealing may cause rearrangements such as filling of vacancies at the interface which lead to changes in the EWF. In order to explore these possibilities, first-principles calculations were carried out to gain a detailed understanding of these mechanisms and their effect on the EWF.
The system was modeled by an interface between the most stable surface of monoclinic HfO 2 ͑−111͒ and the Titerminated TiN͑111͒ surface using the MedeA computational environment. 14 With a hexagonal interface area of 127.4 Å 2 the mismatch in the in-plane lattice parameters is 0.9% and −1.9%. Each of the interface models was fully relaxed by simulated annealing and energy minimization using gradientcorrected density functional theory ͑DFT͒ as implemented in the Vienna ab initio simulation package ͑VASP͒. 15, 16 The electrostatic potential corresponding to the self-consistent charge distribution was averaged in planes parallel to the interface and smoothed by a macroscopic average. 17 The change of this average potential was obtained as the difference between the average potential of the system with atomic substitutions relative to the unsubstituted system. Substitution of N atoms by O atoms inside the metallic TiN film has only a small effect on the EWF due to metallic screening. For example, by replacing N atoms by O atoms in the layers closest to the interface, the EWF increases only by approximately 30 meV ͓see Figs. 4͑a͒ and 4͑c͔͒. In contrast, modifications directly at the TiN/ HfO 2 interface, i.e., between the interfacial Ti and Hf layers, can change the interface dipole significantly. This is demonstrated for the case when 1/3 of the O atoms at the interface are replaced by N atoms ͓Figs. 4͑b͒ and 4͑d͔͒ which increase the EWF by 180 meV. Replacement of all O atoms at the interface by N increases the EWF by 450 meV. This effect is due to a balance of two opposing dipoles associated with the Ti and Hf atoms at the interface ͑the sequence O-Hf-O-Ti-N is being replaced by O-Hf-N-Ti-N͒. Due to the larger polarizability of the Hf atom compared with that of Ti, the dipole associated with the Hf atom is more pronounced creating a net increase of the work function. Furthermore, the filling of oxygen vacancies at one of the twelve O sites at the interface causes an ϳ80 meV increase in the EWF.
The computational and experimental results suggest the following mechanism. During anneal in an oxygencontaining atmosphere, oxygen atoms penetrate the TiN lattice, fill any N vacancies in TiN and replace N atoms by O atoms. Some of the replaced N atoms are driven toward the TiN/ HfO 2 interface where they fill vacancies. C-SIMS analysis suggests the movement of N toward the TiN/ HfO 2 interface; however, more detailed physical characterization is required. Nitrogen at the TiN/ HfO 2 interface causes a substantial change in the interface dipole such that the electrostatic potential is raised with respect to the Fermi level of TiN, i.e., the Fermi level of the metal gate comes closer to the valence band of the silicon substrate. Overall, the DFT calculations in conjunction with the electrical and physical characterization of the gate stacks demonstrate the importance of controlling the distribution of both oxygen and nitrogen atoms directly at the TiN/ HfO 2 interface.
